The enantioseparation of four stereoisomers of palonosetron hydrochloride (PALO) by capillary zone electrophoresis using high concentration β-CD as chiral selector was described in this study. For optimization of the method of enantioseparation, several parameters such as β-CD concentration, separation buffer pH and concentration, the types and concentration of organic modifiers, and the applied voltage were evaluated. The optimum conditions were obtained as follows: 30 mmol L -1 NaH2PO4 (pH 3.0) containing 150 mmol L -1 β-CD and 10% (v/v) methanol with an applied voltage of 15 kV. Under these conditions, baseline separation of the four PALO stereoisomers was achieved within 35 min, and the reproducibility (expressed as relative standard deviation, RSD) of the migration times and the peak areas were below 0.5, 2.5% (intra-day), and 1.9, 4.4% (inter-day), respectively. hydrochloride, is a pharmacologically distinct and highly selective, secondgeneration 5-hydroxytryptamine type-3 (5-HT3) receptor antagonist approved for prevention of chemotherapy-and radiotherapy-induced nausea and vomit (CINV) after highly emetogenic chemotherapy. 1-4 Chemotherapy-and radiotherapyinduced nausea and vomit will have a series of related complications if they lack control; these are the most feared adverse reactions in cancer patients. 5-HT3 receptor antagonized mainly through competing to block the release of 5-HT and 5-HT3 receptor-binding of digestive tract mucosa in order to have a role in anti-vomit treatment.
Introduction
Palonosetron hydrochloride (PALO, structure shown in Fig. 1 ), (3aS)-2-[(S)-1-azabicyclo[2.2.2]oct-3-yl]-2,3,3a,4,5,6-hexahydro-1H-benz [de] isoquinolin-1-one hydrochloride, is a pharmacologically distinct and highly selective, secondgeneration 5-hydroxytryptamine type-3 (5-HT3) receptor antagonist approved for prevention of chemotherapy-and radiotherapy-induced nausea and vomit (CINV) after highly emetogenic chemotherapy. [1] [2] [3] [4] Chemotherapy-and radiotherapyinduced nausea and vomit will have a series of related complications if they lack control; these are the most feared adverse reactions in cancer patients. 5-HT3 receptor antagonized mainly through competing to block the release of 5-HT and 5-HT3 receptor-binding of digestive tract mucosa in order to have a role in anti-vomit treatment.
Chiral drugs include a large proportion of drugs at present; they generate different pharmacological effects through combining with different stereo structure molecules in the body in the processes of drug absorption, distribution, metabolism and excretion. Consequently, the separation and measurement of chiral drugs have great significance in the pharmacokinetics, pharmacological and toxicological mechanisms as well as in quality control of chiral drugs. Palonosetron hydrochloride contains two chiral centers and four stereoisomers: (3aR, 2R), (3aS, 2S), (3aR, 2S) and (3aS, 2R), among which only (3aS, 2S) possesses pharmacological activity. 5 Therefore, it is necessary to establish an appropriate enantiomeric separation method for PALO.
Capillary electrophoresis (CE) is now recognized as a powerful tool for enantioseparation due to its high separation efficiency, low operational cost, simplicity and versatility. [6] [7] [8] [9] [10] In CE, the enantioselectivity is based on the chiral selector, which is dissolved in the running buffer. During the last decade, various types of chiral selectors, such as cyclodextrins (CDs) and their derivatives, 11, 12 crown ethers, 13 chiral surfactants, 14, 15 polysaccharides, 16, 17 macrocyclic antibiotics, 18 proteins, 19 and metal complexes 20, 21 have been widely used in CE. Among them, CDs and their various derivatives are the most popularly used chiral selectors with about 90% of the applications. 10 CDs, which obtained from amylum enzymatic conversion, can form inclusion compounds with many analytes. Inclusion is a process during which the guest enters into the CD cavity and interacts with the CD; different compounds have different inclusions with the CD in order to achieve separations based on their different stereo structures.
Tian et al. 15 had used sodium cholate as chiral selector to successfully separate PALO stereoisomers by micellar electrokinetic chromatography (MEKC). However, PALO is freely soluble in water and charged in the running buffer, so capillary zone electrophoresis (CZE) should be a good alternative mode to separate PALO. In the study, we developed a simple and reliable CZE method using β-CD as chiral selector for enantioseparation of the four PALO stereoisomers.
Experimental

Reagents and chemicals
The four stereoisomers of PALO were generously offered by Professor Ying Li (National Key Laboratory of Applied Organic Chemistry, Lanzhou University, Lanzhou, China). β-CD used as chiral selector was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Methanol, acetonitrile, ethanol, isopropyl alcohol, sodium dihydrogen phosphate, sodium hydroxide and phosphoric acid were purchased from Tianjin Chemical Reagent Factory (Tianjin, China). All chemicals and solvents used were of analytical regent grade and were used without further purification.
Apparatus
A high-performance capillary electrophoresis apparatus (CL1030, Beijing Cailu Instruments Co., Beijing, China) was used for all enantioseparations. It was equipped with a power Before its first use, the capillary was rinsed successively with 0.1 mol L -1 NaOH for 5 min, and then with water for 5 min. The capillary was rinsed between runs as follows: 2 min with water, 3 min with 0.1 mol L -1 NaOH, 2 min with water and 3 min with running buffer. Samples were introduced from the anodic end of the capillary by hydrodynamic injection, where the sample vial was raised by 15.5 cm for 5 s. A PHS-3B acidity meter (Shanghai Precision & Scientific Instrument Co., Shanghai, China) was used for the pH measurement. The migration order of the four stereoisomers of PALO was identified by spiking four pure stereoisomers individually into the sample.
Solution preparation
Stock solutions of 1000 μg mL -1 of the four PALO stereoisomers were prepared by dissolving an appropriate amount of each enantiomer in methanol; the solutions were stored at 4 C until use. The running buffers were prepared daily by mixing appropriate volumes of 0.1 mol L -1 NaH2PO4, 0.2 mol L -1 β-CD (8 mol L -1 urea to assist dissolving), methanol and water. The pH value was adjusted with 0.5 mol L -1 NaOH or H3PO4. The electrophoretic measurements were run at least in triplicate for each different composition of the running buffer to ensure repeatability. All solutions were filtered through a 0.45-μm membrane filter (Shanghai Xinya Purification Apparatus Factory, Shanghai, China) prior to use.
Results and Discussion
CDs and their derivatives are the most widely used chiral additives in CE owing to their stability in strong acid and alkali environment and their small UV absorption values. In this study, β-CD was selected as the chiral selector and we attempted to establish a simple and effective enantioseparation of the four stereoisomers of PALO.
Effect of the organic modifiers on the separation
In our preliminary investigations, we found that the four stereoisomers of PALO were not well resolved with buffers containing only β-CD. Traditionally, the most commonly used method for improving enantioselectivity in CD-CZE systems is the addition of organic modifiers to the background electrolyte (BGE). The addition of organic modifiers to BGE can modify several parameters such as the stability constants of the inclusion-complexes, the electroosmotic flow (EOF), the analysis time, the conductivity of BGE, the solubility values of either analytes or CD. Thus the resolution of the enantiomers can be either improved or decreased depending on the type of analyte studied. 11 Firstly, 30% acetonitrile and methanol were added to the running buffer comprised of 30 mmol L -1 NaH2PO4 (pH 3.0) and 20 mmol L -1 β-CD, respectively. The results indicated that the enantioselectivity was unchanged when acetonitrile was used as a modifier, while methanol improved the separation of PALO stereoisomers. Then, the effects of methanol, ethanol and isopropyl alcohol on the enantioselectivity were also evaluated; the results indicated that methanol showed more significant improvement in resolution than ethanol and isopropyl alcohol. Consequently, methanol was optimized as the modifier. The effects of methanol concentrations ranging from 7.5 to 20% (v/v) on the resolutions of the four PALO stereoisomers are shown in Fig. 2 . The migration order was found to be (3aR,2R) > (3aS,2S) > (3aR,2S) > (3aS,2R) over the concentration range of methanol studied. As was shown, the resolutions of both RS,A1/A2 and RS,B1/B2 increased with increasing methanol concentration from 7.5 to 20% (v/v). However, the resolutions RS,A2/B1 decreased with methanol concentration. In addition, it was found that the migration times of the four stereoisomers increased with the increase in methanol concentration. Within the studied concentration range of methanol, 10% (v/v) appeared to be the most suitable methanol concentration for the four stereoisomers with baseline resolution.
Effect of the buffer pH on the separation
In an attempt to improve the resolutions of PALO stereoisomers, the effect of buffer pH in the range of 2.6 -3.4 on the enantioseparation was investigated (shown in Fig. 3) . It was found that the resolutions RS,B1/B2 were always larger than 1.93 in the investigated pH range, and the value reached at 2.56 at the pH value of 3.0. The resolution RS,A1/A2 remained basically unchanged while the resolution RS,A2/B1 decreased slowly with pH value increasing from 2.6 to 3.4. The data in Fig. 3 indicate that both 2.6 and 3.0 are appropriate pH values to obtain high resolution of 1.03 for RS,A2/B1. Since the migration times of PALO stereoisomers increased with the decrease of pH value, 3.0 was selected as the most suitable pH value in our future work.
Effect of the β-CD concentration on the separation
For enantioseparation, the chiral selector concentration was considered to be the most important factor for controlling the enantioselectivity. The experimental results showed that the resolution RS,A1/A2 was less than 1.00 in low concentration (<100 mmol L -1 ) of β-CD. Figure 4 illustrates the effect of high concentration of β-CD from 120 to 160 mmol L -1 on the resolutions of the four PALO stereoisomers. As can be seen, all the resolutions of the four stereoisomers increased with increasing β-CD concentration from 120 to 150 mmol L -1 , but the migration times of PALO stereoisomers increased also with increasing β-CD concentration. Further increasing the β-CD concentration from 150 to 160 mmol L -1 could not improve their resolutions and actually led to a slight decrease in the resolutions.
At 150 mmol L -1 β-CD, baseline separation of all four stereoisomers was observed and thus this was selected as the optimum concentration.
Effects of the NaH2PO4 concentration and the applied voltage on the separation
The effects of NaH2PO4 concentration in the range of 10 -45 mmol L -1 and applied voltage in the range of 12 -20 kV on the enantioseparation were also examined. The experimental results demonstrated that higher NaH2PO4 concentration and lower applied voltage allowed one to obtain better enantioseparation but at the cost of longer migration times. As a compromise, the running buffer of 30 mmol L -1 NaH2PO4 and the separation voltage of 15 kV were selected for the enantioseparation.
From the above results, the optimum conditions for the enantioseparation of the four PALO stereoisomers were obtained as follows: 30 mmol L -1 NaH2PO4 (pH 3.0) containing 150 mmol L -1 β-CD and 10% (v/v) methanol with an applied voltage of 15 kV. Under these conditions, baseline separation of the four stereoisomers of PALO was achieved within 35 min. Electropherograms for the enantioseparation of the standard mixture of PALO stereoisomers and the peak identifications are shown in Fig. 5 . The corresponding separation parameters under the optimum conditions are listed in Table 1 . Obviously, the theoretical plate numbers and the resolutions of the four PALO stereoisomers were both satisfactory.
The performance of the proposed CD-CZE method
Calibration graphs were obtained by injecting standard solutions at seven different concentrations. The peak areas were employed for quantification. Each point on the calibration graph corresponded to the mean value obtained from three independent peak area measurements. The obtained regression equations, as well as other characteristic parameters for the determination of the four PALO stereoisomers, are listed in Table 2 . 5 Electropherograms of the standard mixture of PALO stereoisomers under the optimum conditions and the peak identification. The standard mixture of 10 μg mL -1 (3aR,2R), 10 μg mL -1 (3aS,2S), 10 μg mL -1 (3aR,2S) and 10 μg mL -1 (3aS,2R) (1); pure enantiomers of 2 μg mL -1 (3aR,2R) (2), 2 μg mL -1 (3aS,2S) (3), 2 μg mL -1 (3aR,2S) (4), and 2 μg mL -1 (3aS,2R) (5) were step by step added to the standard mixture. CE conditions: 30 mmol L -1 NaH2PO4 buffer (pH 3.0) containing 150 mmol L -1 β-CD and 10% methanol (v/v). The other experimental conditions were as in Fig. 2 .
The limits of detection were calibrated as the analyte concentration that gave rise to peak areas with a signal-to-noise ratio of 3. The precision test of the proposed CD-CZE system was evaluated under optimum conditions using a standard mixture containing 25 μg mL -1 A1, 25 μg mL -1 A2, 25 μg mL -1 B1 and 25 μg mL -1 B2 by the intra-day and inter-day variability. The repeatability was expressed as the relative standard deviation (RSD) values of the migration time and the peak areas obtained from four injections (also given in Table 2 ).
Compared with the results in Tian's paper, 15 there are some obvious differences in the migration times, the peak order and the resolutions of the four PALO enantiomers. The difference in the migration times is mainly due to the different running buffer and separation mechanism in MEKC mode and CZE mode. In CZE, the lower pH value (3.0) makes the amino group of PALO stereoisomers have positive charges, but largely reduces electroosmotic flow, thus extending the migration times. In this CD-CZE method, the migration times of the four PALO stereoisomers are (3aS,2R) > (3aR,2S) > (3aS,2S) > (3aR,2R), so it can be concluded that the binding capacities between PALO stereoisomers and β-CD are (3aS,2R) > (3aR,2S) > (3aS,2S) > (3aR,2R). In the MEKC method built by Tian et al., 15 on the contrary, the binding capacities between PALO stereoisomers and sodium cholate are (3aR,2S) > (3aS,2R) > (3aR,2R) > (3aS,2S). In addition, when we compare with Tian's paper, 15 the resolution between (3aR,2S) and (3aS,2R) is higher in this study, but the resolution between (3aR,2R) and (3aS,2S) is relatively low. The different peak order and resolutions of the four PALO stereoisomers in the two methods should be due to the different stereo structures of PALO stereoisomers and their different binding capacities with β-CD and sodium cholate.
Conclusions
The paper has presented a simple and repeatable CZE method for enantioseparation of the four PALO stereoisomers by high concentrations of β-CD. Baseline separation of the four stereoisomers was obtained by CD-CZE. Compared to sodium cholate, 15 β-CD is also good chiral selector to separate PALO stereoisomers. 
